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J PILOT-VEHICLE SYSTEM SIMULATION FOR 

LOW-ALTITUDE, HIGH-SPEED FLIGHT* 

By Melvin Sadoff and Thomas E.  Wempe 
Ams Research Center 

SUMMARY 

Based on a review of  previous r e s u l t s  pe r t inen t  t o  low-a l t i tude ,  
high-speed f l i g h t  manual con t ro l  problems, p i l o t e d  s imulator  s tud ie s  were f o r -  
mulated and c a r r i e d  out  i n  c e r t a i n  areas where a d d i t i o n a l  r e sea rch  appeared 
des i r ab le .  The vehicle  simulated had var iable  wing sweep and was capable of  
supersonic  speed a t  low a l t i t u d e .  

The u t i l i t y  of the p i l o t e d  f l i g h t  simulator f o r  examining and eva lua t ing  
a n t i c i p a t e d  problem areas  f o r  the  low a l t i t ude ,  supersonic  speed pene t r a t ion  
mission i s  ind ica ted .  Information i s  presented on handling q u a l i t i e s  and sta- 
b i l i t y  augmentation system requirements,  d i sp lay  and con t ro l  requirements, and 
on the e f f e c t s  of cockpi t  acce le ra t ion  environment ( inc lud ing  an o s c i l l a t o r y  
component, assumed t o  approximate a predominant s t r u c t u r a l  mode) on t e r r a i n -  
fol lowing t a s k  performance. @ INTRODUCTION 

One p a r t i c u l a r l y  demanding, t a c t i c a l  pene t ra t ion  mission t h a t  has been 
given considerable  a t t e n t i o n  i n  r ecen t  years i s  t h a t  of low-a l t i tude ,  high- 
speed f l i g h t .  The use of a i r c r a f t  with var iab le  wing sweep would permit low- 
a l t i t u d e  supersonic-speed (LASS) f l i g h t  without compromising the low-speed 
performance and handling q u a l i t i e s .  However, the in t roduc t ion  of such a i r -  
c r a f t  i n  combination with the demanding mission requirements has posed a num- 
ber  of  a n t i c i p a t e d  problems which, s u p e r f i c i a l l y  a t  least ,  appear t o  r equ i r e  
considerable  research.  These are: 

Handling q u a l i t y  requirements. 
Display and con t ro l  considerat ions.  
Accelerat ion stress e f f e c t s .  

Although considerable  research  e f f o r t  has been devoted t o  handling q u a l i t y  
requirements f o r  a wide v a r i e t y  of a i r c r a f t  ( r e f s .  1 t o  lo), s p e c i a l  r equ i r e -  
ments were a n t i c i p a t e d  f o r  the  LASS mission as a resul t  of t he  combination of 
t he  a i r c r a f t  conf igura t ion  ( r e l a t i v e l y  s lender  and f l e x i b l e  with the  crew 
l o c a t e d  wel l  forward of the  center  of grav i ty)  and the  mission demands (p re -  
c i s e  terrain-avoidance task ,  a l l  weather operation, and acce le ra t ion  s t r e s s ) .  
Longi tudinal  handling q u a l i t i e s  requirements f o r  low-a l t i tude ,  high-speed 
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f l i g h t  ( r e f .  11) di sp lay  and con t ro l - f ee l  requirements ( re fs .  1 2  and ll), and4 
acce le ra t ion - s t r e s s  e f f e c t s  on p i l o t  to le rance ,  performance, and physiology 
(refs.  11 t o  18) have been inves t iga t ed .  However, the  d i r e c t  a p p l i c a b i l i t y  of  
these  r e s u l t s  t o  the  LASS f l i g h t  mission i s  not  c l e a r  cu t  and add i t iona l  
research on the s p e c i a l  problems of the low-a l t i tude ,  supersonic-speed f l i g h t  
appe are d des i rab le  . 

The u t i l i t y  of t he  p i l o t e d  f l i g h t  s imulator  f o r  s tudying a wide range of 
p i lo t -veh ic l e  In t eg ra t ion  and con t ro l  problems i s  wel l  documented ( see ,  e.g. , 
r e f s .  1-9 and 20 ) .  The approach t o  s imulat ion has been descr ibed ( r e f .  20) as 
not  unlike t h a t  used by the  Wright Brothers i n  the  design of  t h e i r  a i rp l ane .  
(See f i g .  1.) This approach involved seve ra l  systematic  s t eps ,  including a 
review of ava i l ab le  knowledge, design, f l i g h t  t e s t ,  and ana lys i s .  This pro-  
cess  was then repeated u n t i l  a successfu l  a i r p l a n e  was developed. Today, a 
similar approach, u t i l i z i n g  extensive f l i g h t  t e s t s ,  i s  economically and 
temporally impract ical ;  thus s imulators  have been r e s o r t e d  t o .  

The s p e c i f i c  ob jec t ive  of  the present  paper i s  t o  apply a somewhat 
similar approach t o  inves t iga t ing  p i lo t -veh ic l e  system problems f o r  LASS 
f l i g h t  using p i l o t e d  f l i g h t  s imulators .  This approach comprises: 

1. A review of  p e r t i n e n t  ava i l ab le  information on some OS t he  above 
problem a reas  which w a s  of value i n  the  formulat ion of the  present  s tud ie s .  

2 .  A presenta t ion  of some r e s u l t s  of NASA p i lo ted-s imula tor  research ,  
s p e c i f i c a l l y ,  

Handling q u a l i t i e s  evaluat ions of  a r ep resen ta t ive  LASS 
S l igh t  vehic le .  

Display research  ( s u i t a b i l i t y  Sor long-durat ion LASS 
f l i g h t ,  performance c a p a b i l i t i e s  r e l a t i v e  t o  VFR and 
automatic te r ra in- fo l lowing  f l i g h t ,  and u t i l i t y  f o r  
monitoring automatic terrain-avoidance systems).  

Comparative p i l o t  c o n t r o l l e r  evaluat ion.  

Accelerat ion stress e f f e c t s  f o r  extended per iods of  
LASS f l i g h t .  

Simulated bending-mode e f f e c t .  

I n  the  d iscuss ion  of t h e  r e s u l t s  of s eve ra l  s t u d i e s  re i 'erred t o  i n  t h i s  
paper,  the d e t a i l s  of the  experiments and the  a s soc ia t ed  f a c i l i t y  used a r e  
omitted.  The reference source and t h e  type of equipment used i n  these  stuclieL; 
are l i s t e d  i n  t a b l e  I. The no ta t ion  used i n  t h i s  r e p o r t  i s  deCined i n  the  
appendix. 
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RFYIEW AND PmLIMINARY ANALYSIS 

I n  t h i s  sec t ion ,  information re levant  t o  the  formulation of the  s imulator  
programs discussed i n  the  following main sec t ion  i s  reviewed. 
poses of the  present  paper, t h i s  review i s  confined t o  a d iscuss ion  of hand- 
l i n g  q u a l i t i e s  requirements o r  guidel ines  and t o  the e f f e c t s  of acce le ra t ion  
s t r e s s  on crew to le rance  and performance. The es t imated  handling charac te r -  
i s t i c s  and gust-induced acce le ra t ion  c h a r a c t e r i s t i c s  of a low-a l t i tude  
supersonic-speed (LASS) vehic le  a re  compared with ava i l ab le  da t a  t o  i s o l a t e  
p o t e n t i a l  problems. 
s i s  a re  provided i n  f i g u r e s  2 t o  7.  

For the pur- 

The primary results of t h i s  review and prel iminary analy- 

Handling Q u a l i t i e s  Review 

I n  f i g u r e  2, handling q u a l i t i e s  c r i t e r i a ,  or guide l ines ,  f o r  U. S. 
m i l i t a r y  a i rp lanes  a re  provided f o r  the  longi tudina l  short-per iod ( f i g .  2 ( a ) ) ,  
l a t e r a l  ( f i g .  2 ( b ) ) ,  and Dutch r o l l  ( f i g .  2 ( c ) )  modes of motion. 
t u d i n a l  c r i t e r i a  a r e  based on two important short-per iod parameters, undamped 
frequency wn and damping r a t i o  f;, f i r s t  evaluated by Cornel1 ( r e f .  21 ) .  
Two curves def in ing  ranges of s a t i s f a c t o r y  handling c h a r a c t e r i s t i c s  are  
shown - f l i g h t  da t a  ( r e f .  21) and the  more recent  da t a  obtained by North 
American ( r e f .  11) i n  a moving cockpit  simulator study. 
a l s o  incorporated a te r ra in- fo l lowing  t a s k  i n  turbulen t  a i r  as one of the  f ac -  
t o r s  considered by the p i l o t s  i n  t h e i r  evaluation, '  whereas the former s tudy 
d i d  not.  
per iod  c h a r a c t e r i s t i c s  (present  study) f o r  the LASS condi t ion,  as wel l  as f o r  
the landing approach condi t ion (wings unswept) and f o r  a h igh-a l t i tude  
supersonic-speed condi t ion.  
d i r e c t e d  a t  5ASS f l i g h t ,  es t imates  f o r  the other  two condi t ions a re  shown t o  
i l l u s t r a t e  the  range of short-per iod c h a r a c t e r i s t i c s  and a n t i c i p a t e d  r equ i r e -  
ments f o r  s t a b i l i t y  augmentation.) The two poin ts  obtained from reference 22 
a re  not  d i r e c t l y  pe r t inen t  t o  the  present  discussion and w i l l  be r e f e r r e d  t o  
i n  a l a t e r  sec t ion .  

The long i -  

The l a t t e r  r e s u l t s  

Also included i n  f igu re  2 ( a )  a r e  estimated b a s i c  vehic le  sho r t -  

(Though primary a t t e n t i o n  i n  t h i s  paper i s  

Three observat ions may be drawn from these r e s u l t s .  F i r s t ,  there  appears 
t o  be a discrepancy between the  two s e t s  of handling da ta  generated i n  pre-  
vious s tud ie s .  Second, there  i s  a d e f i n i t e  need f o r  p i t c h  damping f o r  the 
high a l t i t u d e  f l i g h t .  Third,  there  may be a requirement f o r  s t a b i l i t y  augmen- 
t a t i o n  (both  r a t e  and a t t i t u d e  feedback) fo r  the  landing  approach and LASS 
condi t ions.  
the  LASS case i s  considered very important i n  view of the  possible  conse- 
quences of SAS malfunction during operat ion a t  low a l t i t u d e s  and high speed. 
(This  aspect  i s  discussed i n  some d e t a i l  i n  the  following sec t ion . )  

The poss ib le  s t a b i l i t y  augmentation system (SAS) requirement f o r  

L a t e r a l  con t ro l  gu ide l ines ,  based on the re ference  3 study, a r e  
presented  i n  f i g u r e  2 ( b ) .  The important control  and response parameters here 

'In reference 11, however, the  p i l o t s  did not  consider t h i s  f a c t o r  too 
s i g n i f i c a n t  because of the masking of the  short-per iod mode by the  p a r t i c u l a r  
t a s k  and by the  continuous j o s t l i n g  due t o  turbulence.  
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a r e  the  m a x i m u m  e f f e c t i v e  l a t e r a l  cont ro l  power and the  rol l '  

time constant 

Lp) .  
t i o n  due t o  r o l l  Dutch r o l l  mode coupling. The est imated c h a r a c t e r i s t i c s  f o r  
the three f l i g h t  conditions a re  again provided f o r  comparison. T h i s  compari- 
son ind ica tes  pr imar i ly  t h a t  the r o l l  cont ro l  power ( o r  s e n s i t i v i t y  based on 
constant s t i ck - to -a i l e ron  gear ing)  i s  too high f o r  the LASS condi t ion and t h a t  
r o l l  damping augmentation (and perhaps a reduct ion i n  r o l l  cont ro l  power) 
would be requi red  f o r  the  h igh -a l t i t ude  f l i g h t .  
t e r i s t i c s  f o r  the landing approach appear adequate, on the b a s i s  of the  
comparison. 

TR (roughly the negative inverse of t he  roll damping de r iva t ive  

The parameter- (w(p/wd)2 takes  i n t o  account the  roll response modifica- 

The l a t e r a l  cont ro l  charac- 

I n  f igu re  2 ( c )  the Dutch roll mode handling q u a l i t y  guide l ines  a re  pre-  
sen ted  i n  terms of r e l a t i v e l y  f ami l i a r  parameters ( t h e  inverse  of the  number 
o f  cycles required t o  damp t o  one-half amplitude l/C1/E and the  r a t i o  of r o l l  

t o  yaw amplitude Comparison of the  est imated Dutch r o l l  charac te r -  
i s t i c s  f o r  the vehicle  considered i n  the  present  s tudy with the  guide l ines  i n  
f i g u r e  2 ( c )  i nd ica t e s  t h a t  augmentation (yaw damping) would probably not be 
required f o r  the LASS mission 

Irp/P 1 ) .2 

E f f e c t s  of S t a b i l i t y  Augmenter Malfunction 

I n  consider ing the  poss ib le  requirements f o r  s t a b i l i t y  augmentation, 
based on evaluat ions such as those provided i n  the preceding sec t ion ,  s e r ious  
considerat ion should be given t o  the p o t e n t i a l  consequences of a s t a b i l i t y  
augmentation system f a i l u r e .  This i s  p a r t i c u l a r l y  important i n  f l i g h t  s i t u a -  
t i o n s  which demand continuous, p rec i se  cont ro l  of the  vehic le  by e i t h e r  the  
p i l o t  or an au top i lo t .  One prime example of such a s i t u a t i o n  i s ,  of course, 
low-level,  supersonic-speed f l i g h t .  I n  the  s tudy of re ference  24, a t t e n t i o n  
i s  d i r ec t ed  a t  t h i s  problem, and a b r i e f  review of the  r e s u l t s  i s  be l ieved  
warranted here.  The e f f e c t s  of a s e r i e s  of malfunctions comprising, simply, 
sudden degradation of the  vehicle  c h a r a c t e r i s t i c s  from the  augmented t o  the 
unaugmnted s i t u a t i o n  were evaluated.  
were not considered.)  The p i t c h  damper f a i l u r e s  considered a r e  compared i n  
f i g u r e  3 (Dynamics "A," "B," "C") with p i lo t -opin ion  boundaries f o r  sho r t -  
per iod  longi tudina l  handling q u a l i t i e s  (ref. 1). 
(Dynamics I'D") i s  an assumed s t a b i l i t y  augmenter malfunction evaluated during 
a terrain-fol lowing t a s k  ( r e f .  22) .  
i n  a l a t e r  sec t ion .  
shows time h i s t o r i e s  of simulated damper f a i l u r e s  ( f i g .  4 ( a ) )  and the  

(The e f f e c t s  of servo hardover f a i l u r e s  

Also shown i n  f igu re  3 

This l a t t e r  SAS f a i l u r e  w i l l  be discussed 
The con t ro l  problem i s  i l l u s t r a t e d  i n  f i g u r e  4 which 

21n addi t ion  t o  these two f a c t o r s ,  o ther  important parameters r e l evan t  
2 t o  Dutch r o l l  handling q u a l i t i e s  a re  the  f a c t o r  (q.$/wd) 

with the discussion i n  f i g u r e  2(b), the  r o l l  t i m e  constant  TRY and o thers .  
Discussion o f  the  e f f e c t s  of these  o ther  f a c t o r s  which inf luence the  degree Of 

coupling between the  roll and Dutch r o l l  modes i s  beyond the  scope Of the  
present  paper. 

noted i n  connection 

(See, however, reference 23 f o r  a complete discussion.)  
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b s o c i a t e d  con t ro l  performance during a simulated t racking  t a s k  ( f i g .  4 ( b ) ) .  
The time h i s t o r i e s  show the  damper f a i l u r e  by the  r ap id  buildup of a i r c r a f t  
response and by the sudden increase i n  t racking e r r o r .  These r ep resen ta t ive  

immediately following the  simulated damper malfunction. This per iod  of i n s t a -  
b i l i t y  i s  shown i n  reference 24 t o  be r e l a t e d  t o  the  type of f a i l u r e ,  the  
motion feedback t o  the  p i l o t  (s imulator  cockpit f i x e d  versus moving), and t o  
the  type of c o n t r o l l e r  used by the p i l o t .  Motion feedback had a gene ra l ly  
adverse e f f e c t  on p i l o t  adaptat ion t o  SAS f a i l u r e s .  The use of a p e n c i l  type 
side-arm c o n t r o l l e r  ( s ee  r e f .  25 f o r  descr ip t ive  d e t a i l s ) ,  r a t h e r  than  the  
conventional cen te r - s t i ck  control ,  reduced the adverse e f f e c t s  of motion feed-  
back, p a r t i c u l a r l y  a t  high short-per iod na tu ra l  f requencies .  This l a t t e r  
r e s u l t  i s  of p a r t i c u l a r  i n t e r e s t  i n  view of the high short-per iod frequencies  
assoc ia ted  with LASS f l i g h t .  (See f i g .  2 . )  

I r e s u l t s  i nd ica t e  t h a t  the  p i lo t -veh ic l e  system tends t o  become unstable  

Accelerat ion S t r e s s  

Crew comfort and t a s k  performance are obviously r e l a t e d  t o  the  acce lera-  
t i o n  environment t o  which the crew w i l l  be exposed. For low-a l t i tude ,  
supersonic-speed f l i g h t  i n  rough a i r ,  the  acce le ra t ion  s t r e s s e s  could be 
important.  Unfortunately,  very few systematic da t a  a r e  ava i l ab le  which a r e  
d i r e c t l y  appl icable  t o  the  LASS f l i g h t  mission. Figure 5 summarizes some of 
the ava i l ab le  f l i g h t  experience from reference 26. Two curves a re  presented 
showing p i lo t - to l e rance  and task-proficiency boundaries as  func t ions  of 
dura t ion  of exposure t o  varying l e v e l s  of cockpit  acce le ra t ion .  These da t a  
were obtained with a i r c r a f t  having peak power i n  the  acce le ra t ion  s p e c t r a  i n  
the neighborhood of 0.8 cycle per second, the long i tud ina l  short-per iod fre- 
quency. I n  add i t ion  t o  being a f f ec t ed  by the i n t e n s i t y  of v ib ra t ion ,  as 
masured  by RMS acce lera t ion ,  crew comfort has been shown i n  re ference  1 4  t o  
be r e l a t e d  a l s o  t o  s t r u c t u r a l  v ibra t ions .  Osc i l l a to ry  frequencies  ( r e f .  14)  
i n  the  range of 4 t o  6 cps may be p a r t i c u l a r l y  unpleasant because the  upper- 
body motion i s  amplif ied r e l a t i v e  t o  seat motion. A spring-mounted seat was 
qu i t e  e f f e c t i v e  ( r e f .  1 4 )  i n  i s o l a t i n g  the crew from object ionable  s t r u c t u r a l  
v i b r a t i o n  a t  4 cps. 

I n  add i t ion  t o  the  i n t e r e s t i n g  work reported i n  reference 14 ,  consider-  
able  research  has been d i r e c t e d  a t  determining the  e f f e c t s  of o s c i l l a t o r y  
acce le ra t ions  on human tolerance and physiology ( e  .g . ,  appendix D of r e f .  18). 
Resul ts  of some of t h i s  research  a r e  presented i n  f i g u r e  6. 
impressions of o s c i l l a t o r y  acce lera t ions ,  taken from reference 16, and a 
3-minute to le rance  curve obtained from reference 1-7 a re  shown. The d i p  i n  the 
curves ( f i g .  6) i s  apparent ly  r e l a t e d  t o  upper-body and visceral .  resonance 
e f f e c t s .  

Human subjec t ive  

A s  noted e a r l i e r ,  the  s ign i f icance  of the above acce lera t ion- to le rance  
da ta  t o  the  LASS mission i s  not e n t i r e l y  c lear .  The g u s t - f i l t e r i n g  charac te r -  
i s t i c s  of a r i g i d  vehic le  with var iab le  wing sweep a re  undoubtedly b e t t e r  at 
supersonic  speeds than those of most current a i r c r a f t  f l y i n g  a t  moderate sub- 
sonic  speeds because of the  combined low l i f t - c u r v e  s lope,  high wing loading, 
and p i l o t ' s  l o c a t i o n  wel l  forward of the  center of g rav i ty .  One p o t e n t i a l  

5 



problem due t o  crew l o c a t i o n  near a fuse lage  antinode i s  t h a t  fuse lage  bending 
may introduce an object ionable  o s c i l l a t o r y  component i n t o  the  cockpi t  v ib ra -  
t i o n .  Fur ther  research  on t h i s  problem i s  needed. 

Some information i s  ava i l ab le  on the e f f e c t s  of v i b r a t o r y  a c c e l e r a t i o n  
stress on p i l o t  performance of a te r ra in- fo l lowing  t a sk .  
following t a s k  was performed both  i n  f l i g h t  and i n  a moving-cockplt s imulator  
f o r  varying l e v e l s  of turbulence ( re f .  11). The r e s u l t s  of t h i s  s tudy p re -  
sen ted  i n  f igu re  7 show t h a t :  
not  appreciably a f f ec t ed  by acce le ra t ion  up t o  a l e v e l  of about 0.3 g, RMS, 
based on the  s imulator  data;  and ( 2 )  the  f l i g h t  r e s u l t s  have considerably more 
s c a t t e r  and a two o r  t h ree fo ld  inc rease  i n  e r r o r ,  r e l a t i v e  t o  t h e  s imulator  
r e s u l t s .  The d i f fe rences  between the  s imulator  and f l i g h t  performance 
measures were ascr ibed  t o  d i f f e rences  i n  p i l o t  workload (no l a t e r a l  d i s t u r b -  
ances o r  navigat ion tasks  were included i n  the ground-based s imula t ion ) ,  
i ndoc t r ina t ion  t i m e  (more t r a i n i n g  time was ava i l ab le  i n  s imula to r ) ,  and i n  
p i l o t  psychology (no " f l i g h t "  hazards i n  s imula to r ) .  It should be noted t h a t  
these  data (both  i n - f l i g h t  and ground-based s imulator  f l i g h t s )  were obtained 
from runs of about 20-minute durat ion.  Since pene t r a t ion  missions could take 
1-1/2 hours o r  more, add i t iona l  information on p i l o t e d  t e r r a in - fo l lowing  per -  
formance f o r  extended-duration f l i g h t s  appears des i r ab le .  

A s imulated t e r r a i n -  

(1) P i l o t  performance (RMS a l t i t u d e  e r r o r )  i s  

SOME RESULTS OF NASA PILOTED SIMULATOR RESEARCH 

Handling Q u a l i t i e s  Evaluat ions 

The review of ava i l ab le  information and the  prel iminary ana lys i s  of 
s t a b i l i t y  augmentation requirements f o r  the long i tud ina l  shor t -per iod  mode 
( f i g .  2 ( a ) )  i nd ica t ed  t h a t  f o r  the LASS vehic le  i t  might be necessary t o  
increase p i t c h  damping and reduce shor t -per iod  frequency. I n  add i t ion ,  the  
e f f e c t  o f  the p i l o t ' s  compartment being well forward of t he  center  of g r a v i t y  
i n  t h i s  type vehicle  must be considered. The l i f t  e f f ec t iveness  of the  h o r i -  
zon ta l  t a i l  i s  l a r g e  f o r  t h i s  f l i g h t  condi t ion,  so r e l a t i v e l y  r a p i d  onse t  of 
normal acce le ra t ion  i s  experienced a t  t he  p i l o t  s t a t i o n  f o r  abrupt  nose-up 
con t ro l  input .  

The s tudy of these  problems obviously requi red  a p i l o t e d  s imulator  which 
provides normal acce le ra t ion  feedback t o  the  p i l o t .  Accordingly, the  Ames 
Height Control Apparatus ( f i g .  8) was s e l e c t e d  and instrumented. A view of 
the s impl i f ied  instrument panel  and a block diagram of the s imulator  se tup  f o r  
t h i s  study and f o r  te r ra in- fo l lowing  performance s t u d i e s  (d i scussed  i n  subse- 
quent sec t ions)  a r e  shown i n  f i g u r e s  9 and 10. The s imula tor  has a usable 
t r a v e l  of about 80 f e e t  and a response bandwidth of about 2 cps, which was 
considered adequate t o  eva lua te  r e a l i s t i c a l l y  the  p o t e n t i a l  l o n g i t u d i n a l  con- 
t r o l  problems descr ibed above. 

The i n i t i a l  r eac t ions  of the  two Ams t e s t  p i l o t s  who p a r t i c i p a t e d  i n  
t h i s  study were somewhat unexpected. 
l ong i tud ina l  con t ro l  problem due to  the  shor t -per iod  c h a r a c t e r i s t i c s  a lone.  

They ind ica t ed  the re  was no appreciable  
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Bariations in pitch damping from 
had very little effect on pilot opinion. When vibratory accelerations due to 
turbulence were added (awg = 10 ft/sec), the pilots indicated that the pitch 
control was too sensitive. Increasing the stick force from the initial level 
of 3 lb/g to 6 lb/g and adding a breakout force of 2 pounds corrected this 
deficiency (since inadvertent control inputs with the center stick were 
reduced). A summary of the results is provided in figure 11. 
rating schedule used is shown in table 11. 

[ = 0.3 to ( = 0.7 (base level [ = 0.46) 

The pilot 

It is possible that the lack of complete fidelity in representing the 
actual aircraft motion (normal acceleration) on the simulator may have influ- 
enced the above results. In figure 12, computed aircraft responses are com- 
pared with the simulator cockpit responses for a 1 g step control input. 
Although there are differences in response due both to the limited bandwidth 
of the simulator response and to the use of a washout3 circuit, these are not 
considered sufficiently large to compromise the results obtained. 

In addition to the longitudinal handling evaluation, results of over-all 
handling qualities evaluations and augmentation requirements for the low- 
altitude, supersonic-speed condition are provided in table I11 and for the 
high-altitude, supersonic-speed condition in table IV. 

In general, the results confirm the requirements for pitch, roll, and yaw 
damping, indicated in figure 2. 

Effects of Simulated Stability Augmenter Malfunction 

Results of reference 24 demonstrated that the malfunction of a stability 
augmenter while the pilot is performing a precise control task could be 
serious. 
in ref. 24) was investigated. The type of failure considered (ref. 22) is 
shown in figure 3 as Case "D." 
vehicle are well within the satisfactory boundary defined in reference 11; 
those for the basic (unaugmented) vehicle are just outside this boundary. 
augmenter failures were simulated simply by suddenly changing the vehicle 
dynamics from the augmented to the basic levels. 
terrain-following during a 90-minute flight at low levels (nominal clearance 
altitude, 500 ft) at supersonic speeds. The average gust intensity for this 
flight was 10 ft/sec RMS (cockpit acceleration about 0.3 g, RMS). 
augmenter "failures" were programmed during this flight. 

Thus the failure of a stability augmented system (similar to that 

The short-period dynamics for the augmented 

The 

The pilot's control task was 

Four 

The results of this study showed that the type of failure considered 
caused no significant control problem. 
pilot-vehicle instability while the pilot was adapting to the failures 
observed li? ref. 24 and in fig. 4). 
the pilot by increased oscillatory response in his display and, to a lesser 
degree, by slight changes in cockpit accelerations. 

%ashout is required for any simulator with limited track travel to 
return the cab to the middle of the track when sustained steady-state 
accelerations are commanded. 

There was no evidence of transient 
(as 

The augmenter failures were apparent to 
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4 
Despite these results, it is felt serious consi'deration should be given 

to minimizing, or eliminating, stability augmentation for the low-altitude, 
high-speed flight. The possibility of control system failures with poten- 
tially more serious consequences than those demonstrated in the present study 
should be weighed against the improvement in riding and handling qualities for 
the stability-augmented vehicle. The vehicles considered in the present 
piloted simulator studies do not appear to require stability augmentation of 
the vehicle pitch mode for satisfactory performance of the terrain-following 
task in low-altitude, supersonic flight. 

Display Research 

In the review of available information on terrain-avoidance pilot 
displays (e.g., ref. 12), data appeared to be lacking in three areas: 
(a) utility of display for extended periods (1-1/2 hours or more) of manual 
terrain-avoidance flight, (b) comparative performance for manual IFR, VFR, and 
automatic terrain-following systems, and (e) utility of situational displays 
for monitoring an automatic system. 

Some information in these areas was provided by studies conducted, 
initially in a rudimentary fixed-base simulator (ref. 27) and, subsequently, 
in a moving-cockpit simulator which provided normal acceleration feedback to 
the pilots (ref. 28 and figs. 8 to 10). Results of these studies are briefly 
reviewed here. 

Display evaluation. - Several situational displays were evaluated (ref. 8) 
to provide an acceptable display for general research on the terrain-following 
task. 
study, are shown in figure l3(a). 
changes on the terrain information and on aircraft pitch attitude. In addi- 
tion, the terrain information displayed to the pilot was varied from angular 
measures to relative heights (display C to display D) and a height "memory" 
dot was added in display E. Pilot terrain-following performance with these 
various display modes is summarized in figure l3(b) and in table V. 
formance improvement as the display was evolved from mode "C" to mode "F" is 
quite apparent. 

Four of the six display configurations, considered in the reference 
The primary display variables were scaling 

The per- 

Display D was used in a sustained 90-minute terrain-following task to 
study human capability of performing this task for relatively long time per- 
iods. 
averaged over 10-minute intervals, for the entire run. 
formance measure used (fig. 14) is the ratio of the standard deviation of the 
clearance height to that of the terrain These results indicate very 
little effect of fatigue on performance in this fixed-cockpit simulator. 
Although the practical significance of these results is questionable because 

The results presented in figure 14 and table VI show pilot performance, 
The normalized per- 

SH/ST.* 

4AdditionaL performance measures (ref. 27) correlate airplane flight path 
to terrain profile in terms of two variables 
related to flight-path terrain phasing and 
terrain standard deviations), indicating the amount of overcontrol or filter- 
ing of aircraft path relative to terrain profile. 

r, a correlation coefficient 
S,/ST (ratio of flight path to 
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bh the lack of motion feedback and other factors, results provided in 
references 22 and 29 indicate no significant effect on pilot terrain-following 
performance of RMS g levels of 0.3 and 0.4 for sustained "flights" up to 3 
hours in duration. 

Comparative performance.- Some information on the effectiveness of 
situational displays, such as those described in figure 13, is given in fig- 
ure 15. 
(ref. 28) for low-altitude, supersonic-speed flight. 
and the automatic system results are representative of those observed in 
flight tests. These results are for terrain characteristics roughly similar 
when portrayed on the same time scale. 

Results for display l'Glr5 were taken from the moving cockpit study 
The VFR results (ref. 14) 

In general, the results in figure 1 5  indicate that performance with the 
situational display (display " G " )  compares favorably with that observed in 
terrain avoidance flight tests for either manual (VFR) or automatic control. 

Utility for monitoring.- The utility of a situational display alone for 
monitoring an automatic system is illustrated in figures 16 and 17. 
is a block diagram of the simplified automatic system considered, and the 
results observed during simulated system failures are shown in figure 17. As 
indicated, the automatic system was made to fail several times during this 
particular run. The results suggest that the terrain-following display used 
was of little value to the pilot in determining that the automatic system had 
failed. 
system, he was unable to prevent collisions twice when the system failed as 
the aircraft was approaching a hill. The pilot commented that if this type of 
failure were possible, he would prefer to fly the aircraft manually at all 
times. It is recognized that current concepts of automatic terrain-following 
systems provide for warning the pilot of system failure, and they also incor- 
porate fail safe features, such as automatic pitch-up command if the system 
malfunctions. The results of this brief study confirm the need for such 
devices. 

Figure 16 

Even though the pilot was anticipating a failure of the automatic 

Comparative Pilot Controller Evaluation 

The use of a pencil-type side-arm controller was investigated as a 
possible means of improving pilot performance6 and reducing pilot fatigue. 

'This display is essentially the same as display "F" (fig. l3(a)), except 
for an increase in pitch-angle scaling from 2.2'/cm to 4'/cm which was found 
desirable in the moving-cockpit simulator study. 

'The effectiveness of pencil-type side-arm controller during high 
sustained accelerations, typical of atmospheric entry missions, was demon- 
strated in a centrifuge study (ref. 25). Also, its effectiveness in reducing 
inadvertent control inputs for vehicles with poor longitudinal dynamics (high 
short-period frequencies, low damping) and in minimizing pilot-induced oscil- 
lations during simulated pitch damper failures was demonstrated (refs. 1 
and 24). 
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t The tests were made with a moving-cockpit piloted simulator (ref. 22). 
center-stick control was used in part of the tests for comparison (fig. 18). 

A 

In figure 18(a) average pilot performance is compared for several condi- 
tions during extended periods of simulated low-altitude, supersonic flight. 
Figure 18( b) shows comparative results for average W cockpit accelerations. 
It is clear from these comparisons that the use of a side-arm controller 
improved pilot performance appreciably and reduced the cockpit acceleration 
during these tests. The pilot also commented that the side-arm controller 
made the task easier to perform and permitted them to relax more than was 
possible with the center stick. 

Acceleration Stress Effects (Long-Duration Flights) 

A review of available data on acceleration stress effects on pilot 
tolerance, performance, and physiology indicated a need for additional infor- 
mation, particularly for extended duration penetration missions. 
information was provided by a series of tests conducted in a moving-cockpit 
simulator. These tests consisted of l-l/2-hour "flights" in a LASS vehicle 
under varying, turbulence levels. Because of the excellent gust-filtering 
characteristics of the LASS configuration, gust levels up to 20 ft/sec W 
were simulated. 
long-duration flights and to increase pilot workload so that potential prob- 
lems could be more readily isolated. The results of this study are provided 
in reference 22. A brief review of pertinent results of this investigation is 
presented here. 

Some of this 

This was done, both to acquire basic tolerance data for these 

Pilot tolerance.- At the highest gust velocities considered ( ~ 7 ~ ~  = 20 
ft/sec), the average cockpit acceleration, due to both gust-induced and 
control-induced effects, was about 0.3 g W. The results in figure 5 show 
that this level of acceleration stress is slightly higher than the tolerance 
boundary previously established (ref. 26) . 
tolerable and not excessively tiring. Further results (ref. 29), also shown 
in figure 5, indicate that average W acceleration levels of 0.4 g were tol- 
erated for periods of l-1/2 to 3 hours. However, the pilots observed these 
missions were fatiguing. The pilot involved in the 3-hour endurance run 
experienced extreme fatigue and some vertigo for a day or two following his 
run, although no symptoms were evident during the run. 

The pilot indicated this level was 

It is possible that the apparent discrepancies between the flight results 
and simulator results (fig. 5) may be partly due to the increased mental 
fatigue associated with actual flight at low dtitudes and high speeds. 
factor is difficult to account for in ground-based simulator tests and con- 
stitutes one of the more serious limitations of piloted simulator studies of 
hazardous and demanding flight control tasks. 

This 

Pilot performance.- Fatigue effects on pilot terrain-following perform- 
ance (ref. 22) were examined by comparing standard deviations of the altitude 
clearance at the beginning and end of the 90-minute run. The results obtained, 
normalized wTth respect to the standard deviation of the terrain, are given in 
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eigure 19. 
which are shown for an acceleration stress level of 0.3 g RMS. 
this figure are results for the 3-hour endurance run described above. In this 
case, pilot performance generally improved during the course of the flight. 

No significant change in performance is observed in these results 
Also shown in 

Physiological aspects.- Some preliminary data on the effects of vibra- 
tory acceleration stress on pilot physiology was measured with a NASA physio- 
logical instrumentation package (ref. 30) in the reference 22 study. 
instrumentation monitored the pilots cardiovascular response (EKG) and res- 
piration rate. In addition, biochemical measures including blood enzyme and 
urine analysis were obtained. 
flights, for the maximum acceleration stress environment were generally nega- 
tive, indicating the pilots can physiologically tolerate this environment. 
Some evidence of an increase in respiratory rate was observed with increase 
in acceleration stress. However, no evidence of hyperventilation was present. 
The biochemical measures did not reveal any organ damage, and heart rates were 
considered within the normal range with no significant changes due to acceler- 
ation stress. 

This 

The results from the simulated l-1/2-hour 

Simulated Bending Mode Effect 

In current designs of vehicles capable of extended periods of low- 
altitude, supersonic-speed flight, the crew compartment is located some dis- 
tance ahead of the airplane center of gravity. 
forward of the fuselage low-frequency vertical bending mode, an oscillatory 
vibration will be introduced into the cockpit acceleration environment with 
possible adverse effects on crew comfort and performance. 

If this location is also well 

A brief study of the possible effects of this vibratory component on 
pilot tolerance and performance was conducted on the Ames Height Control 
Apparatus (fig. 8). 
LASS vehicle considered in this study would have a first bending mode fre- 
quency of about 6 cps, and that this bending mode would be excited somewhat by 
turbulence. For the purpose of this study, the simulator servo drive system 
(see fig. 10) was given an additional 6 cps signal, and adjusted to provide an 
oscillatory acceleration component of 0.4 g peak to peak. 
(fig. 6), rate this component alone subjectively as "mildly annoying." 
vious studies (e.g., refs. 14 and 18) indicated the frequency selected is near 
viceral and upper-body resonance frequencies. 

It was assumed that the fuselage of the representative 

Previous results 
Pre- 

Initial 90-second exposures to this environment resulted in the following 
observations: 
the panel instruments (fig. g), but could not follow the terrain with the dis- 
play provided (CRT display, fig. 1.3). He further indicated that should this 
acceleration environment be actually encountered, he would increase altitude 
until that patch of turbulence was behind the aircraft and then resume the 
terrain-following task. 
brief exposure to the same environment. 
attempted the terrain-following task again in this environment and performed 
as well over a 5-minute period as he previously had without the simulated 

One pilot stated he could orient the aircraft fairly well by 

Two other pilots made roughly the same comments after 
Subsequently, one of the pilots 
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t bending mode. 
performance during the 5-minute run. 
performance over the same portion of terrain, extracted from a previous test 
session with the bending mode removed. The cockpit acceleration environment, 
including the simulated bending mode, is presented in figure 21. The pilot's 
comments made during the simulation were: 
relax.'' "It seems to be about the same frequency as the vibration you get in 
a helicopter, but with much more amplitude. I '  

Figure 20(a) is a sample of this pilot's terrain-following 
Figure 2O(b) is a reproduction of his 

"It's not so bad after you learn to 

Apparently, this simulated bending mode vibration initially startled the 
pilot and made the motion seem worse than it was, particularly when he 
attempted to perform a precise terrain-following task in turbulence. 
quent exposures reduced this effect, and the pilots were able to perform as 
well as before, at least for a short period of 5 minutes. 

Subse- 

CONCLUSIONS 

A review of available information and preliminary analysis of pilot- 
vehicle system problems in LASS flight led to several piloted-flight simulator 
studies of problems anticipated for LASS aircraft configurations. Results of 
these studies indicated: 

1. The basic (unaugmented) longitudinal handling qualities of the 
vehicle studied were acceptable for LASS flight. For conventional center- 
stick control, stick force gradients of about 6 pounds per g, and a 2-pound 
breakout force were considered desirable control-feel characteristics for 
flight in turbulent air. 

2. 
in vehicle dynamics from the augmented case to those for the basic LASS vehi- 
cle) during a terrain-following task did not pose a significant control 
problem. 

Simulated longitudinal stability augmenter failures (sudden changes 

3.  Terrain-following performance with a simplified terrain-avoidance 
display was comparable to that during manual and automatic terrain-avoidance 
tests in flight; however, this display alone was not suitable for pilot moni- 
toring the malfunction of an automatic terrain-avoidance system. 

4. Comparison between test results for conventional center-stick control 
and those for a pencil-type side-arm controller indicated that the side-arm 
controller significantly improved terrain-following performance and reduced 
cockpit accelerations appreciably by reducing inadvertent control input and 
by increasing control precision. 

5. Results of piloted simulator tests during LASS flights of up to 
1-1/2 hours showed terrain-following performance remained relatively constant 
and there were no significant physiological aberrations (respiratory, cardio- 
vascular, blood enzyme deviations from norms). 
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I .' 6 .  The introduction of a simulated constant bending-mode vibration into 
the cockpit acceleration environment for a 5-minute period caused no appreci- 
able effect on pilot tolerance and performance (after the initial startling 
effect of this oscillatory component w a s  reduced by several exposures). 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Sept. 11, 1964 



APPENDIX 

NOTATION 

A 

AN 

c1/ 2 

FS 

r 

SA 

SH 

ST 

T 

TR 

Te2 
t 

W 

14 

airplane altitude, f t 

normal acceleration, g 

cycles for oscillation to damp to one-half amplitude 

pilot applied stick force, lb 

acceleration of gravity, 1 g = 32.2 ft/sec 

airplane clearance altitude (A - T ) ,  ft 

2 

mean clearance altitude, ft 

offset, or desired, clearance altitude, ft 

roll damping parameter, l/sec 

maximum lateral control power, l/sec2 

longitudinal control effectiveness, l/sec2 

sample size 

correlation coefficient 

standard deviation of aircraft altitude, ft 

standard deviation of aircraft height above terrain, ft 

standard deviation of terrain altitude, ft 

terrain altitude, ft 

roll-subsidance time constant (= - $), see 

time constant in pitch transfer function ( z  - k-9 see 

time, sec 

perturbed velocity along airplane Z axis 

airplane lift sensitivity parameter, l/sec 



. 

E 

e 

cp 

stabilizer deflection, deg 

sideslip angle, deg 

tracking error, deg 

pitch angle, deg 

forcing function for tracking task, deg 

bank angle, deg 

undamped longitudinal short-period frequency, l/sec 

undamped Dutch roll natural frequency, l/sec 

Dutch roll and roll subsidance coupling parameter 

root-mean-square vertical gust velocity, ft/sec 

longitudinal short-period damping ratio 

Dutch roll damping ratio 

single and double differentiation with respect to time 
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TABLE I.- SOURCE AND FACILITY FOR RESULTS PRESENTED 

Result  

Fig.  2 (a )  

203) 

2 ( c )  

3, 4 

5 

6 

7 

11 

12 

13 

14 

15 

17 

18 

19 

20, 21  

Reference 

11 

21 

3 

AGARD Rep. 336 

24 

26 

16, 17 

11 

Unpublished 

Unpublished 

27 

27 

14, 28, Unpublished 

28 

22 
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TABU 111. - B A S I C  AND AUGMENTED HANDLING QUALITY 
PARAMETERS (LASS CONDITION) 

Over-all evaluation 

Parameter 

aBased on stick-force, 

Basic configuration 

Value 

7.9 

.46 

1.18 

"3 

4.8 

.12 

43 

30.5 

398 

1.07 
tick- def: 

Pilot 
rating 

6.0 

:ction rat: 

Augmented configuration 

Value 

7.9 

07 

1.18 

"6 

4.8 

.41 

1.00 

I of 10 lb/: 

Pilot 
rating 

2.5 

1. (control 
:ffectiveness Mg, halved for augmented configuration). 

21 



TAECE 1 V . -  BASIC AND AUGMEYITED HANDLING QUALITY PARAMETERS 
(mss CONDITION) 

Longitudinal evaluation 

Parameter 

22 

Basic configuration 

Value 

3.9 

.076 

15 

a9 

Pilot 
rating 

6 

Augmented configuration 

Value 

3.9 

* 54 

.15 

&9 

Pilot 
rating 

2.5 

%ased on optimum stick-force, stick-deflection ratio of 5 lb/in. 

Lateral-directional evaluation 
~ ~~ 

Parameter 

Basic configuration 

Value 

2.a 

.073 

3 003 

5.6 

7.3 

57 

Pilot 
rating 

~ 

6 

Augmented configuration 
~ ~~ 

Value 

2.8 

.40 

* 39 

2.8 

7.3 

57 

Pilot 
rating 

3 
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TABLE V I . -  TERRAIN-FOLLOWING PERFORMANCE DURING 90-MINUTE RUN 
b 

24 

10-min 
time period 

1 

2 

3 

4 

5 

6 

7 

8 

Total  

N 

61 

61  

61 

a57 

61 

61 

61  

61 

484 

r 

0.93 

.81 

90 

94 

9 92 

95 

.88 

* 89 

.90 

- 
SH 7 

f t  - 
205 

202 

222 

2 41 

166 

134 

222 

217 

207 
- 

SH/ST 

0.77 

1.07 

.71 

71 

63 

* 59 

* 74 

.81 

75 

%our samples occurred during a r e s e t  t o  cor rec t  
for computer d r i f t  and were removed. 



rn 
(u 

0 
cu. 

0 
f 

0 
T 

cu r- 
rl 

co co 
M 

0 
II 

0 
\D 

0 
II 

"? 

\D\D 
c u f  

co 
0 

.. 
A 

rnP  
\ k  x rn 

h 

0 
9 

p II 
x" 

cn 

W 

-0- 
0 
in 

0 
ri II 
\D 

x" 
v 

cn cn 
0 

f 

ri 

II 

P P  
k k  

9 

& 
H rn 
\ 
4 m 

Ld 

f 
L- 

0 
o;' 

L n  
f 
0;' do" ld Ld k 

0 
M 

0 
rl 4 (d Ld 

0 
CY 

Ld Ld \D 
M 

I 
ffl 

2 

* k  c n o  
9 %  

m 

H H 
H z H 

H 
H 

25 



v) 
I- 
J 
3 
v) 
W 
E 

! 

W 
I- 

=> 
J 

W 

a 

s 

t 
W 

27 



n o  

nn 
w w  w w  
m m  
0 0  - -  

o a o q ,  

I 

0 cu 

\ 

I l l  I I I I I I 
0 0 cu - 

-0 
- 

- c u  

- 0  - - 
El- - G 

U - 0 

a' 
0 
.r4 
k 
e, 
P- 
9 
k 
0 s 
ri 

.d 
M 
d 
0 
I4 

cd 
A 

v 

ri 
e, a 
.d 
3 
M 

M 
d 
*d 
r-l a 

X 
9 
I 

(u 

28 



I 
4 

0 

1111I I I I A/ 1111II I I I 

- 
-ln - 
- 
- N  

29 



\ 

I a 

00 

N 

0 



L 

- c u  

I I I I I  I I I I 
cu 

- 
-0 

- Y L  - z  

d 
a, 
k 
a, 
d 



-0 

k 
T i 
11111 

6ap Is8  
'No11331 4 30 
1 ~ 3 ~ 1 7  iav is 

0 0 0  - 
I 

6 'Nv 
'NO I l V U 3  13 33V 

1VWUON 

0 0 0  - - 
I 

hap ' e  
'319NV H311d 

n I 

* n' o w  

111111111 0 0 0 , g  
3as/ 6ap 

I I  
* w  

' 8  'A113013A 
9N I H311d 

32 



C 

1 I I 

a 
L L ,  

01 
w -  
n 
t -  a 
0 
I - 

0 0 0 0 0 0 0 0  
( D d N O 0 0 ( D * N  

0 0 0 0 0 0 0 0 0  
( D * N O o o ( D * C u  

0 rc 
0 
(D 

0 lo 

0 

33 



0 
Q O D  
0 

d= 
e 

rr) cu 
e a 

0 

6 'NOllWt131333V lldY303 SWtl 

34 



W 
0 
Z 
W 
U 
LJ 
IL 
W 
U 

W 
0 z 
w cr 
W 
LL 
W 
U 

W 
0 z 
W 
U 
W 
LL 
W 
U 

(3 z 
z 

2 
0 
c, 
cd 
d 
d 
.rl 
0 rn 
0 ' l o  I 
k 
0 

2 
0 
.rl 

W 
W 
0 z 
a 
W 
J 

a 

e 

cn rn 
e, 
k 
@ 

(3 z 
> - 

(3 z W 
I- 
3 z - 

> 
.J 

.J 
n 

- > 
0 z z a 

0 
7 z 

m 7 a z a 
-0 

u) 
Q 

- G Q  

>- 

a, 

cd 
k 
a, 

2 
d 
0 
P 0 

-tDz 
W 
3 

a 
LL 

- N  / 
I 
I 

35 



Y w 

x 
v) 

+ 
W 

3 + 

a 

n 

- 
5 a 

a 

I + z 
+ 
v) 
Z 
0 
0 

0 0  

x 
v) 

I- 
a 

u 
W 
I- 

I 
W 
A 
m a 

y 
El 

t-cv) 

00 

= b H S  ' t lOtlt l3 
3an i i i i v  swtl a3z i i vw t lo~  
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Fig. 8.- Photograph of Ames  Height Control Apparatus. 
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